Purpose: Prostate cancers incite tremendous morbidity upon metastatic growth. We previously identified Asporin (ASPN) as a potential mediator of metastatic progression found within the tumor microenvironment. ASPN contains an aspartic acid (D)-repeat domain and germline polymorphisms in D-repeatlength have been associated with degenerative diseases. Associations of germline ASPN D polymorphisms with risk of prostate cancer progression to metastatic disease have not been assessed.
Introduction
The burden of prostate cancer-related mortality remains significant due to the subset of prostate cancers that progress to metastatic disease (1). Identification and differentiation of patients with aggressive cancer from those with indolent disease remains a key issue in the management of clinically localized prostate cancer. To date, most biomarker studies have focused on carcinoma-specific features predictive of aggressive disease. As the tumor microenvironment influences prostate cancer progression (2), we hypothesized that molecules in the primary tumor microenvironment secreted by cancer-associated fibroblasts could modulate tumor progression and predict metastatic potential. We previously reported that Asporin (ASPN), a member of a small leucine-rich proteoglycan (SLRP) family of extracellular proteins, was one of the most highly enriched androgen-induced mesenchymal genes during both physiologic prostate development and pathologic growth in the prostate (3) . ASPN expression has been shown to be elevated in prostate cancer-associated fibroblasts (PCAF; ref. 4) , in blood from men with advanced prostate cancer (5) , and in scirrhous gastric cancer-associated stroma (6) . A recent study supports that ASPN induces coordinated fibroblast and cancer cell invasion through CD44-mediated RAC1 activation (6) ; however, a biologic role for ASPN in the prostate cancer microenvironment is not well understood.
In addition to expression, a genetic association exists between variation at the ASPN locus and multiple disease states (7) (8) (9) . ASPN, located at 9q22.31, contains an aspartic acid (D)-repeat domain and over 10 polymorphisms in the length of the D-repeat have been identified with the most common variants ranging from 12 to 16 aspartate residues (7) . Polymorphisms in the length of this allelic repeat have been associated with susceptibility to and severity of several bone and joint diseases, including osteoarthritis (7) (8) (9) . While functional differences among these polymorphisms are not fully known, polymorphisms in the ASPN D-repeat-length have been shown to differentially inhibit bone morphogenetic protein 2 (BMP-2) signaling (10) and TGFb1-induced gene expression (7) . Intriguingly, the loss of TGFb responsiveness in prostate stromal cells has been shown to promote prostate cancer initiation (11) and the development of bone lesions (12) . Because of its stromal-specific expression and the differential role of ASPN D variants in TGFb signaling, we hypothesized that ASPN D-repeat-length variants may differentially modulate metastatic progression in the prostate.
Herein, we genotyped germline ASPN D-repeat-lengths in men with clinically localized prostate cancer and in noncancer controls to determine whether germline ASPN D variants were differentially associated with risk of prostate cancer incidence or progression to metastatic disease. We utilized an orthotopic xenograft model to establish allele-and stroma-specific roles for these variants in facilitating prostate cancer metastasis.
Materials and Methods

JHH germline study population
We retrospectively analyzed a database of 19,142 men who had undergone radical prostatectomy and pelvic lymphadenectomy at Johns Hopkins Hospital (JHH, Baltimore, MD) since 1992 (PSA era). Germline DNA was available for approximately 10,000 patients. We selected 1,672 cases for genomic analysis that were weighted for approximately equal Gleason grades and to generate approximately equal white and nonwhite race groups, of which 1,600 had adequate DNA for germline genotyping. 55.6% men self-reported Caucasian, 43 .6% self-reported African American, and 0.8% self-reported other ethnicity or were of unknown ethnicity. We retrospectively analyzed 192 self-reported Caucasian and 370 selfreported African American male controls with no cancer, of which 179 and 369, respectively, had adequate germline DNA for genotyping. All participants provided written informed consent. The protocol and consent documents were approved by the Johns Hopkins University (JHU, Baltimore, MD) Institutional Review Board (IRB).
Radical prostatectomy specimens were processed as previously described (13) . Each tumor was graded using the Gleason scoring system and staged using the TNM (tumor-node-metastasis) system. Clinical outcome data included biochemical recurrence [BCR; defined as a postoperative prostate-specific antigen (PSA) !0.2 ng/mL], distant metastasis (defined as postoperative clinical or radiographic spread of disease to extrapelvic lymph nodes, bones, or viscera), and prostate cancer-specific mortality (PCSM). Outcome or time to outcome data were not available for all men in the cohort; any resulting differences in sample size number were recorded in the Results section.
Genomic DNA isolation
Tissue for genomic DNA isolation was taken from seminal vesicles at the time of radical prostatectomy (cases) or from blood of men without prostate cancer diagnoses (controls). Seminal vesicle tissue was suspended in 12 mL suspension buffer (20 mmol/L Tris; 25 mmol/L EDTA; 100 mmol/L NaCl) þ 1 mL 10% SDS þ 60 mL Proteinase K solution (20 mg/mL), inverted twice, and then incubated overnight at 50 C. The next day, RNA was digested by adding 60 mL RNase A Solution (Qiagen) and incubating at 37 C for 1 hour. Proteins were precipitated in 4 mL protein precipitation solution (Promega) on ice for 20 minutes and then centrifuged at 2,000 Â g for 10 minutes. DNA was extracted from the supernatant with 30 mL 100% isopropanol, centrifuged 2,000 Â g for 5 minutes, and then washed with 70% ethanol followed by centrifugation.
Genotyping of the D-repeat polymorphism
The D-repeat polymorphism located in the N-terminal region of the ASPN gene was PCR amplified using 5 0 primer 6-FAM-ATTCCTGGCTTTGTGCTCTG and 3 0 primer TGGCTTCTTGGCT-CTCTTGT. Primers were designed using Oligo software. Reactions were carried out in 10 mL consisting of 30 ng DNA, 0.125 mmol/L primers, 0.6 mmol/L dNTPs (Continental Lab Products), 10 mmol/L Tris-HCl pH 8.3, 50 mmol/L KCL, 1.5 mmol/L MgCl, and 0.6 units of Taq Gold DNA polymerase (Perkin Elmer). Amplification was performed in a Veriti Thermal Cycler (Applied Biosystems Inc.) for an initial denaturation of 12 minutes at
Translational Relevance
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C followed by 40 cycles of 94 C for 20 seconds, 58 C for 20 seconds, 72 C for 30 seconds, and a final 10 minute elongation at 72 C. The PCR products were electrophoresed on an ABI 3730xl DNA Analyzer (Applied Biosystems Inc.). Data were collected and analyzed with GeneMapper software (Applied Biosystems Inc.) that calculates fragment length in reference to an internal lane standard (LIZ500). Three homozygous samples of different repeat-length were confirmed by Sanger sequencing. PCR products were sequenced using fluorescent dideoxy terminator method of cycle sequencing. Reactions were run on a 3730xl DNA Analyzer (Applied Biosystems Division) following Applied Biosystems protocols. Sequence data was analyzed using Sequencher Software (Gene Codes).
Statistical analysis
Characteristics of patient groups defined by distinct ASPN variations were compared. Exploratory data visualization was used to identify departure from normality. Means of continuous variables were compared by t tests. Nonnormally distributed variables were compared by Wilcoxon-Mann-Whitney rank-sum tests. c 2 tests were used to examine the association of ASPN variants with biopsy and pathologic Gleason sum. In lieu of univariate models to test strengths of association, bivariate adjusting for race were performed due to clinical and genomic race based differences in the analyzed cohort. Bivariate and multivariable logistic regression analysis was performed to test strengths of association with ASPN variants and pathologic outcomes: extraprostatic extension (EPE), seminal vesicle invasion (SVI), and lymph node involvement (LNI). Similarly, bivariate and multivariable Cox proportional hazards models were used to test the associations of ASPN variations with risk of subsequent oncologic outcomes: BCR and metastasis. This study was under-powered to examine PCSM. For multivariable analyses, Gleason sum was categorized as 7 or !8 and clinical stage was categorized as nonpalpable (T1a, T1b, T1c) versus palpable (T2a, T2b, T2c, T3). Metastasis-free survival estimates were derived from KaplanMeier life tables with surgery at the zero starting point. Statistics were computed with Stata 11.0 (StataCorp).
Immunohistochemistry, immunofluorescence, and immunoblotting
For immunohistochemistry (IHC) and immunofluorescence (IF), formalin-fixed paraffin-embedded (FFPE) tissues were sectioned, deparaffinized, steamed in Target Retrieval Solution Ready to Use (Dako) for 40 minutes, blocked with Protein Block Serum-Free (Dako), incubated with antibodies against ASPN (Sigma Prestige HPA008425; 1:400), and pancytokeratin (Sigma C2562; 1:400) in Antibody Diluent (Invitrogen). Sigma Prestige HPA008425 ASPN antibody was validated for immunohistochemistry and immunoblotting in accordance with JHU pathology TMA criteria ( Supplementary Fig. S1A-S1E ). For IHC, primary antibodies were followed by secondary antibodies (Vector Laboratories) and then detected with 3,3 0 -Diaminobenzidine kit (Vector Laboratories). For IF, primary antibodies were followed by Alexa Fluor Dye secondary antibodies (Invitrogen) and mounted with Vectashield hard-set mounting medium with DAPI counterstain (Vector Laboratories). Images were captured at room temperature on a Nikon E800 fluorescence microscope with 40Â Plan Apo objective and a Nikon DS-QiMc camera with Nikon Elements imaging software (vAR 3.0).
For immunoblotting, lysates were fractionated on NuPAGE gels (Invitrogen). Proteins were transferred to polyvinylidene difluoride membranes, blocked, and then incubated with primary antibodies. Antibodies used included: ASPN (Sigma Prestige HPA008425; 1:1,000) and GAPDH (Santa Cruz sc-32233; 1:10,000). Blots were developed using enhanced chemiluminescence (Thermo Fisher Scientific).
Quantitative real-time PCR
Total RNA was purified using RNeasy Mini Kit Plus (Qiagen). First-strand cDNA was synthesized using random hexamer primers (Applied Biosystems) and Ready-To-Go You-Prime First-Strand Beads (GE Healthcare), according to the manufacturer's instructions. Quantitative PCR was performed using TaqMan Universal PCR Master Mix (Applied Biosystems) with TaqMan primers specific to human or to mouse ASPN (Applied Biosystems). Applied Biosystems software was used to calculate threshold cycle values for ASPN and the reference genes HPRT (Applied Biosystems) and GAPDH (Applied Biosystems).
JHU and Harvard University tissue microarrays
JHU Gleason grade tissue microarrays (TMA) were constructed from archival tissue from radical prostatectomy performed at JHU between 2000 and 2001. Cases for the TMAs were reviewed and selected by a genitourinary pathologist. The index lesion was defined as the largest tumor of the highest grade. In each case, both benign adjacent glands and the index tumors of Gleason sum 5, 6, 7, 8, and 9 were spotted in triplicate.
The Harvard Health Professional Follow-Up Study TMAs have been described previously (14) . TMAs were constructed from archival FFPE prostate tissue from men treated with radical prostatectomy for prostate cancer who were participants in the HPFS, and included 715 evaluable prostate cancer cases, diagnosed between 1983 and 2004. The mean follow-up time from diagnosis was 13 years. Tumor tissue from radical prostatectomy was reviewed by multiple pathologists to provide uniform evaluation of Gleason score and to identify areas of high-density tumor for construction of TMAs. At least three tumor cores were sampled from each case from the index lesion, which was defined as the largest tumor of the highest grade.
Four-micron-thick sections were stained for ASPN by IHC. Cases were scored by urologic pathologists for ASPN expression. Using established scoring schemes, ASPN intensity was evaluated and assigned an incremental score of 0 (negative), 1 (weak), 2 (moderate), or 3 (strong; ref. 15) . For the JHU Gleason grade TMAs, the extent of staining was assigned a score for 0% to 25% (score 0), 26% to 50% (score 1), 51% to 75% (score 2), and 76% to 100% (score 3). For each sample, an ASPN score was calculated by adding the intensity score and the extent score (H-score). For the Harvard HPFS TMAs, the extent of staining was assigned a percentage from 0% to 100%. For each sample, an ASPN score was calculated by multiplying the intensity score and the extent score (H-score). H-scores were compared using one-way ANOVA with pairwise comparisons. Statistical tests performed using GraphPad Software were twosided and P values less than 0.05 were considered statistically significant.
Mayo Clinic progression analyses
Methods including tissue preparation, RNA extraction, microarray hybridization, and microarray expression analysis have been previously described (15, 16) .
Study design. Patients were selected from a cohort of high-risk radical prostatectomy patients from the Mayo Clinic with a median follow-up of 8.1 years. The cohort was comprised of 1,010 high-risk men that underwent radical prostatectomy between 2000 and 2006, of which 73 patients developed metastatic disease as evidenced by positive bone or CT scan. High-risk was defined as preoperative PSA >20 ng/mL, pathologic Gleason score 8-10, SVI, or GPSM score !10. The subcohort incorporated all 73 metastatic patients and a 20% random sampling of the entire cohort.
Statistical analysis. The summarized expression of core transcript cluster, 3214845, was used to represent the expression of ASPN. PAM (Partition Around Medoids) unsupervised clustering method was used on the expression values of all clinical samples to define two groups of high and low expression of ASPN. Statistical analysis on the association of ASPN with clinical outcomes was done using two endpoints: BCR, defined as two consecutive PSA values !0.2 ng/mL after radical prostatectomy and metastasis (MET), as defined by a positive bone scan and/or CT/MRI evidence of metastatic disease.
Stable cell lines
Quick Change Site Directed Mutagenesis Kit (Agilent Technologies) was used to generate ASPN D13 and ASPN D14 cDNAs from parent human ASPN D17 cDNA (Origene). ASPN D13 and ASPN D14 were subcloned into pIRESNeo3 (Clontech). Stable cell lines were generated through transfection with Fugene (Roche) of cDNAs into WPMY1 (ATCC low passage) according to the manufacturer's instruction, plating at limiting dilutions, and isolating single clones. WPMY1 cells were grown in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen) and PS (Invitrogen).
Orthotopic xenografts
All animal experiments were approved by the Institutional Animal Care and Use Committee at JHU. A total of 500,000 WPMY1, WPMY1 ASPN D13 (A), and WPMY1 ASPN D14 (A) cells were mixed with 500,000 PC3 cells (authenticated at JHU in September 2014) in Matrigel (BD Biosciences) at a 1:1 ratio. Cells were grafted into the prostate of male NOD scid gamma (NSG) mice (JHU) that were 10 weeks in age. Seven mice were used for each group. An isoflurane gas anesthetic system (Caliper Life Sciences) was used for surgical anesthesia. Mice were induced by inhalation of 2% isoflurane (Oncology Animal Resources) in oxygen and then maintained on 1.5% isoflurane with adjustment to maintain a deep plane of anesthesia. A midline incision was made in the lower abdomen to externalize the seminal vesicles, bladder, and prostate. Following injection of 20 mL of cells 1:1 in Matrigel into the anterior lobe of the prostate, the wound was closed with surgical sutures and surgical metal clips. Postoperatively, mice were administered 5 mg/kg Ketoprofen subcutaneously and then monitored daily for distress. One mouse with a WPMY1 ASPN D13/PC3 orthotopic xenograft was euthanized at day 19 due to an unrelated condition, and was excluded from the final analyses. The experiment was terminated on day 59 due to jaundice in three of the mice with WPMY1 ASPN D14/PC3 orthotopic xenografts. Jaundice was not detected in the other mice. Mice were euthanized, necropsied, and the following organs, including any associated mesentery and lymph nodes, were removed from each mouse and inspected for gross evidence of metastatic disease in a blinded fashion: salivary gland, thymus, heart, lung, liver, gall bladder, stomach, pancreas, intestine, spleen, kidneys, prostate, seminal vesicles, testes, and bladder. Metastases were quantified by counting the number of visible metastases for each mouse in the above organs and associated distant lymph nodes. The prostate regional lymph nodes were not included in the analyses examining distant metastases (distant lymph nodes and other organs). Following visual quantification of evidence of metastatic disease, organs were formalin-fixed, sectioned, paraffin-embedded, and then sectioned using standard methods. One H&E-stained slide of every dissected organ was examined for confirmation of metastatic disease. Micrometastatic disease observed on H&E was not included in the analyses. Orthotopic xenografts were repeated with independent WPMY1 ASPN D13 (B) and WPMY1 ASPN D14 (B) clones. The experiment was terminated on day 61 due to jaundice in one mouse with a WPMY1 ASPN D14/PC3 orthotopic xenograft. One mouse with a WPMY1/PC3 orthotopic xenograft from experiment B was excluded from final analyses due to cell leakage into the body cavity as evidenced by over 30 metastatic lesions on the body cavity wall.
Results
Germline ASPN D-repeat-length variants and adverse prostate cancer clinical outcomes
To determine whether ASPN D-repeat-length correlates with prostate cancer progression to metastasis, ASPN D-repeat-length was examined in 1,600 men who underwent radical prostatectomy for clinically localized prostate cancer at JHH (Table 1) Table S1 ). To allow for adequatelypowered comparative tests, genotypes present in greater than 10% of the population were selected for comparison to all other genotypes in the study population. Furthermore, single ASPN D-repeat-length alleles (either homozygous or heterozygous) present in greater than 10% of the population were also analyzed: Any 13, Any 14, and Any 15. Similar to prior reports (7, 9, 17, 18) , the distribution of ASPN D-repeat-length varied with ethnicity (Supplementary Fig. S2 ; Supplementary Table S1), and thus all analyses were either matched or controlled for race.
Germline ASPN D-repeat-length variants and adverse prostate cancer clinical outcomes
We examined the relationship between ASPN-D-repeat length and metastatic disease progression following local therapy for prostate cancer. Through Cox regression analyses, we found that germline ASPN D13/14 was significantly associated with metastatic recurrence following surgery (HR, 2.02; 95% CI, 1.16-3.53; P ¼ 0.013) even when adjusted for preoperative variables and race (HR, 1.86; 95% CI, 1.03-3.35; P ¼ 0.040; Tables 2 and 3) . Consistent with this, Kaplan-Meier survival estimates demonstrated that heterozygous ASPN D13/14 was a significant germline prognostic marker for worse metastasis-free survival (Fig. 1) . In addition, germline carriers of the ASPN D14 allele were significantly more likely to progress to metastatic disease by multivariable analyses compared with all other alleles (HR, 1.72; 95% CI, 1.05-2.81; P ¼ 0.032; Tables 2 and 3 ). These data suggest that germline ASPN D13/14 or any ASPN D14 is a risk factor for metastatic recurrence following surgery.
In contrast to germline carriers of ASPN D13/14 or any ASPN D14, multivariable Cox regression analyses demonstrated that homozygous ASPN D13 (ASPN D13/13) was significantly associated with a reduced risk of metastatic progression following surgery (HR, 0.44; 95% CI, 0.21-0.94; P ¼ 0.035; Table 3 ). Kaplan-Meier survival estimates demonstrated that germline carriers of ASPN D13/13 had better metastasis-free survival than men with germline ASPN D13/14 (Fig. 1) . When compared with germline ASPN D13/13, men with germline ASPN D13/14 had over a four-fold higher hazard of metastatic progression (HR, 4.53; 95% CI, 1.65-12.42; P ¼ 0.003; Supplementary Table S2) . While ASPN D13/13 remained significantly protective when controlled for race, c 2 analysis demonstrated that significantly fewer African American men carried the ASPN D13/13 genotype (P < 0.0001; Supplementary Table S1) .
Given the association of BCR with metastatic progression (19), we evaluated the relationship between ASPN D-repeatlength and BCR. When compared with all other genotypes, bivariate analyses controlled for race demonstrated that ASPN D13/14 was significantly prognostic of BCR following surgery (HR, 1.43; 95% CI, 1.01-2.03; P ¼ 0.042; Supplementary Table  S3) ; however, when controlled for presurgical variables in multivariable Cox regression analyses, the hazard ratio associated with ASPN D13/14 only approached significance (Supplementary Table S4 ).
Germline ASPN D-repeat-length variants and adverse prostate cancer pathology
Both pre-and posttreatment clinical findings are used by the NCCN to stratify risk of disease recurrence and to guide treatment recommendations (20) . Logistic regression analyses demonstrated that none of the genotypes examined were significantly associated with biopsy or pathologic Gleason grade, PSA, local invasion beyond the prostate (EPE), or invasion into the seminal vesicles (SVI; Supplementary Table S7 ).
Germline ASPN D-repeat-length variants in men with prostate cancer and noncancer diagnoses
Polymorphisms in ASPN D-repeat-length have reported associations with susceptibility to diseases such as osteoarthritis and lumbar disc degeneration (7, 9) . To determine whether ASPN D-repeat length was associated with prostate cancer incidence, we compared ASPN D-repeat-length in prostate cancer cases and noncancer male controls matched for race. The distribution of ASPN D-repeat-length in JHH race-matched prostate cancer cases and controls was nearly identical with none of the alleles or genotypes being statistically different by c 2 analyses (Supplementary Fig. S2 ; Supplementary Table S1) suggesting that ASPN D allelic repeat-lengths are not associated with prostate cancer incidence.
ASPN expression in cancer-associated fibroblasts
Our data suggest that germline ASPN-repeat-length variants are differentially associated with metastatic progression; however, little is known about the biologic role of ASPN in cancer progression. To better understand this, we first analyzed human TMAs and demonstrated that ASPN expression was not elevated in tumor cells but rather was significantly elevated in PCAFs ( Fig. 2A, B, and D) . Both mRNA and protein expression of ASPN were elevated in primary PCAFs isolated from human prostates compared with primary benign associated fibroblasts (BAF) and an immortalized benign associated fibroblast cell line (WPMY1; Fig. 2C and Supplementary Fig. S1E ). ASPN expression was not detected in primary human prostate epithelial cells (PrEC) or in prostate cancer cell lines (Fig. 1C and Supplementary Fig. S1E ). Interestingly, elevated levels of ASPN mRNA were also detected in multiple prostate cancer cohorts ( Supplementary Fig. S3A and S3B) ; however, ASPN induction was not noted in benign prostatic hyperplasia (BPH) or in prostatic intraepithelial neoplasia (PIN; Supplementary Fig.  S3B ). Similar to prostate cancer, ASPN expression was also significantly elevated in multiple other cancers, including breast, colon, and pancreatic, compared with normal tissue (Supplementary Fig. S3C ), suggesting that ASPN may have a conserved role in cancer development.
ASPN expression and prostate cancer gleason grade
Gleason grade of the primary tumor is the strongest single prognostic marker of prostate cancer aggressiveness (21) . While low Gleason grade tumors (sum 6) rarely progress to metastasis, high Gleason grade tumors (sum 8-10) can have poor oncologic outcomes, even after radical prostatectomy (21) . Immunohistochemical analysis of ASPN protein expression in TMAs from JHU (15) and Harvard (22) Fig. S3E ).
ASPN expression and prostate cancer outcomes
To determine whether ASPN expression in the primary tumor microenvironment was associated with disease progression, we examined ASPN mRNA expression in prostate cancer cohorts from MSKCC (23) and the Mayo Clinic (15, 24) and ASPN protein expression in a cohort from Harvard (22) . ASPN expression was significantly associated with BCR in all three cohorts as demonstrated by Kaplan-Meier survival curves and/or Cox regression analyses (Fig. 2E and Supplementary Fig. S4A and S4B) . While Kaplan-Meier analysis was not available for the MSKCC cohort due to metastatic event time being unavailable, KaplanMeier survival curves demonstrated that ASPN expression was significantly associated with metastatic recurrence in the Mayo Clinic cohort (Fig. 2F) . Univariate analyses also demonstrated a significant association between ASPN expression and metastatic recurrence in both the MSKCC and Mayo Clinic cohorts; however, this was not significant in the Harvard cohort ( Supplementary  Fig. S4C and S4D) .
ASPN D-repeat domain variants in animal models of metastatic progression
Germline ASPN D14 was associated with metastatic recurrence, while homozygous germline ASPN D13 was associated with a reduced risk of metastases; yet, the functional significance of these variants in metastatic progression is not known. To begin to investigate this, we examined tumor progression in an in vivo model incorporating tumor/fibroblast interactions. We stably overexpressed ASPN D14 and ASPN D13 in an immortalized human prostate fibroblast cell line derived from stroma adjacent to benign glands (WPMY1; Fig. 3A ). While WPMY1 are germline homozygous for ASPN D13, they did not express ASPN in vitro (Fig. 3A) . Two independent stable clones of both WPMY1 overexpressing ASPN D13 [WPMY1 ASPN D13 (A) and (B)] and WPMY1 overexpressing ASPN D14 [WPMY1 ASPN D14 (A) and (B)] were generated. Parental WPMY1, WPMY1 ASPN D13, and WPMY1 ASPN D14 were mixed with PC3 cells and then grafted into murine prostates. Expression of ASPN polymorphisms did not affect average orthotopic xenograft size as measured by GU weight (Fig. 3B and C) ; however, ASPN polymorphisms significantly affected the number of metastases ( Fig. 3D and E) . Because of the differences in 5-year survival rates between regional and distant prostate cancer in humans (1), we quantified the number of metastases to distant lymph nodes and to other organs in the orthotopic xenografts. WPMY1 ASPN D13 significantly decreased the number of metastases compared with parental WPMY1, while conversely WPMY1 ASPN D14 significantly increased the number of metastases to distant lymph nodes and other organs, including lung, liver, and pancreas ( and E). Both gross inspection and pathologic analyses supported that metastatic obstruction of the bile duct led to jaundice in approximately 33% of the WPMY1 ASPN D14 mice, while, conversely, jaundice was not detected in WPMY1 or WPMY1 ASPN D13 mice. Histologic examination demonstrated micrometastatic disease in WPMY1 ASPN D13 animals compared with the much larger visual metastases in WPMY1 ASPN D14 animals (Fig. 3E) . Collectively, these studies suggest that ASPN polymorphisms may have both prognostic and biologic roles in disease progression.
Discussion
Significant progress has been made in the past several years to identify genetic risk factors for prostate cancer. Genomewide association studies (GWAS) have identified many single nucleotide polymorphisms associated with prostate cancer incidence (25, 26) ; yet, few inherited determinants of aggressive prostate cancer have been identified (27, 28) . 
, and WPMY1 ASPN D14 (B) þ PC3 (n ¼ 5) prostate orthotopic xenografts (mean AE SEM). D, average number of visible metastases to other organs and distant lymph nodes in cancer have not been described. Based upon its association with other diseases, we report a hypothesis-driven study to determine whether germline variants in ASPN D-repeat-length were differentially associated with metastatic prostate cancer. The distribution of ASPN D-repeat-length variants was similar between prostate cancer cases and race matched controls, supporting the absence of an association between ASPN D variants and prostate cancer incidence. This is consistent with prior GWAS or family-based linkage studies that have not found a strong association between this genomic region and prostate cancer risk (29) (30) (31) . However, two common variants in ASPN D-repeat-length affected the risk of having metastatic disease. Multivariable analyses demonstrated that homozygous ASPN D13/13 was significantly protective of metastatic recurrence following surgery. Conversely, germline genotype ASPN D13/14 and the ASPN D14 allele were significantly prognostic of lymph node involvement and metastatic recurrence following surgery. While previous studies have not reported an association of this genomic region with metastatic prostate cancer, this may be due to limitations of prior studies that examined candidate genes (27) or genes associated with incidence (32) . Consistent with our patient-based findings, an animal model of prostate cancer metastasis supports that ASPN D14 specifically expressed in PCAFs promotes metastatic prostate cancer progression while ASPN D13 hinders metastatic progression.
Development of a minimally invasive and cost-effective genomic test for the early identification of aggressive prostate cancer has the potential to impact therapeutic decisions in clinical settings. For instance, controversy exists over the optimal treatment volumes and the use of hormonal suppression for men with NCCN intermediate risk prostate cancer receiving radiotherapy (20, (33) (34) (35) (36) . In addition, there is an increasing emphasis on the use of surveillance for men with low-grade cancers. Incorporation of germline markers of aggressive prostate cancer at cancer diagnosis may better identify patients in need of more aggressive therapies while also preventing the overtreatment of patients with indolent tumors. Additional studies, including prospective trials, are needed; however, this initial large study suggests that germline ASPN D-repeat-length is associated with clinical outcome.
Prostate cancer incidence and mortality have been shown to differ by race (1). Although the etiology driving racial disparities is multifactorial, differences in biologic and genetic factors most likely play contributing roles (37) (38) (39) (40) . The observation that African American men were approximately one eighth as likely to be germline for ASPN D13/13 is intriguing and the first time that germline factors in the tumor microenvironment have been described to vary by race.
The molecular roles of ASPN D variants in metastatic prostate cancer progression are not well understood. It has been postulated that ASPN and in particular ASPN D14 inhibits TGFb family members, including TGFb1 (7) and BMP2 (10, 41) . Two recent reports support that ASPN induces CD44 (7) and EGFR (42) mediated signaling pathways in gastric cancer cells. It is plausible that ASPN variants differentially regulate multiple signaling pathways; however, a role for ASPN variants in CD44 or EGFR signaling in the prostate has not been reported.
The mesenchymal/fibroblast-specific expression of ASPN in prostate development and cancer and its extracellular localization suggest that ASPN variants may have differential roles in modifying the extracellular matrix (ECM). Dynamic regulation of the ECM has been shown to influence disease progression (43, 44) . ASPN may modify the ECM through direct collagen interactions. ASPN has recently been shown to regulate osteoblast-driven collagen mineralization and to induce osteogenic factors (45) . While the ASPN D-repeat domain has been shown to bind calcium (45) , the C-terminal domain of ASPN containing 10 leucine-rich repeats has been shown to bind to type I (45) and to type II (46) collagens. ASPN competes with Decorin, an inhibitor of prostate tumor growth (47) , for collagen binding (45, 48, 49) . In contrast to ASPN expression, which is increased (4), Decorin expression is decreased in PCAFs (50) . ASPN and Decorin may work antagonistically to regulate the ECM environment. The D-repeat domain has been shown to directly regulate collagen mineralization; however, the differential roles ASPN D-repeat-length variants play in these processes have not been examined.
While the function of the ASPN D motif is not known, it is possible that it regulates protein aggregation or functions as a scaffold. Interestingly, heterozygous carriers of ASPN D13 (D13/14 or D13/15) were not protected from prostate cancer metastases suggesting that potential protective functions of ASPN D13 are recessive to other alleles. As ASPN D13/14 and the D14 allele were associated with metastatic recurrence, the function of ASPN D14 may be dominant. Unfortunately, the numbers of germline carriers of homozygous ASPN D14 were not powered for adequate comparisons. It is possible that ASPN D13 and ASPN D14 monomers or ASPN D14 monomers have a better binding affinity than two ASPN D13 monomers. In support of this, ASPN D14 has been shown to have better binding affinity to BMP2 than ASPN D13 (10) .
In sum, this study suggests that ASPN is a key regulator in the microenvironment and may promote metastatic progression of prostate cancer. Men with the ASPN D13/14 genotype or carriers of the ASPN D14 allele may be at higher risk of disease progression and thus genotyping ASPN has the potential of improving risk stratification and early therapeutic decision making in localized prostate cancer. Further understanding of the biologic role of ASPN in the stroma has the potential to impact both prognostic and therapeutic development.
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